Coal mine gas (CMG) is a form of unconventional natural gas and its reserves are abundant. However, a large proportion of coal mine gas cannot be used owing to the low concentration of the extraction gas. The hydrate-based method can be used for the separation and recovery of methane from coal mine gas. To devise an economic and efficient method for the separation of mine gas using hydrates, dry water (DW) was used as the carrier for separation under conditions in which the initial pressure was fixed at 10 MPa and the temperature was set at 274 K. On this basis, repeated gas hydrate separation experiments were carried out three times. A pure-water system, a stirring system, and a system using a compound solution of 1 mol L
Introduction
Coal mine gas (CMG) is a gas mixture that is composed of coal bed methane (CBM) and mainly consists of methane. Methane is a source of clean, efficient and high-quality energy. However, methane is also a potent greenhouse gas and can destroy ozone. [1] [2] [3] According to IEA statistics, China's coal seams are buried at a depth of 2000 m and geological resources of CBM are about 36.81 trillion m 3 , which ranks third in the world. 4 However, data showed that the volume of coal mine gas extracted in China was 83.4 billion m 3 with a utilization volume of 37 billion m 3 , and hence the utilization rate was less than 45% from the year 2010 to 2015 (Fig. 1 ).
5
The main reasons for the low utilization rate are that the distribution of CBM resources is not concentrated and these are far from the industrial areas that utilize mine gas. In addition, the reserves in some areas are limited and the costs of storage and transportation are also higher. Furthermore, the majority of extraction gas contains large amounts of nitrogen and oxygen, which will reduce the methane concentration in CMG; therefore, the extraction gas cannot be directly used, which results in the direct discharge of a quantity of extraction gas, which is not only a waste of resources but also a form of environmental pollution.
formed under certain conditions of temperature and pressure. 7 Extraction gas is mainly composed of methane, nitrogen and oxygen, and these three kinds of gas can form hydrates under certain conditions, but the phase equilibrium is totally different. On this basis, the separation and purication of methane from CMG could be achieved by controlling the hydration reaction pressure at the same temperature. 8, 9 Moreover, hydrates have a high gas storage capacity. The volume ratio of hydrates to stored gas is 1 : 170 at normal atmospheric pressure, and hence the hydrate method can be used to separate, recover, store and transport methane in CMG. 10 In research, the key scientic problems in the hydrate method of separation of gas mixtures are how to speed up the rate of hydrate separation, increase the gas storage capacity of hydrates, and improve the rate of recovery of methane to increase the selectivity of separation.
11 As a result, in order to improve the performance of hydrate separation of gas mixtures, some researchers have proposed a variety of methods, such as the addition of a promoter (SDS, 12 THF, 13 TBAB, 14 or TBAF
15
) or porous materials (silica, 16 carbon nanotubes, 17 activated carbon, 18 nanoparticles, 19 dry gels, 20 foams, 21 hydrogels, 22 or polymers 23 ), mechanical stirring (bubbling, 24 stirring, 25 or spraying
26
) and changing the thermodynamic conditions (increasing the pressure 27 or lowering the temperature
28
). In the above studies, some researchers have also compared different methods of promoting hydrate formation. Zheng and Linga 15 examined the promoting effect of TBAF on the hydrate formation process to investigate the hydrate method of recovering carbon dioxide produced during pre-combustion. Moreover, Zhao Y. S. 29 and Zhao J. Z. 30 carried out gas hydrate experiments in systems of 5A-type zeolites and porous media such as SBA-15 mesoporous materials. The inu-ence of thermodynamic promoters and porous media on hydrate formation has been investigated. Linga 31 comprehensively claried the effect of reactor designs and materials that are employed on the hydrate formation rate.
The essence of the above method is to improve the solubility of gases in the liquid phase so as to speed up the rate of hydrate formation and increase the gas storage capacity of the hydrate phase. The results indicate that the presence of an additive has a certain promoting effect on the hydrate formation rate, but the additive has a greater inuence on the purity of the gas separated by the hydrate. Methods of mechanical stirring and changing the thermodynamic conditions lose more energy in comparison with previous methods.
Dry water (DW) is a kind of functional material with high dispersibility, which is mainly composed of water encapsulated by nanoscale hydrophobic particles. DW has a high liquid storage capacity and owability.
32,33 DW particles form a freeowing powder in which coalescence of the water droplets is prevented by the hydrophobic modied silica coating at the water-air interface. As such, they have a higher surface-tovolume ratio than bulk water. Therefore, the nely dispersed water droplets lead to greatly enhanced kinetics of clathration in a gaseous system, which results in an increased rate of methane hydrate formation in comparison with bulk water.
34,35
It has been found that DW can increase the gas storage capacity of natural gas hydrates 36 in a static system, although the inuence of DW on techniques for the separation of gas mixtures has not yet been reported. Therefore, DW was used as the carrier for separation instead of the traditional liquid environment to improve the material and heat transfer conditions in the gas hydrate separation process. In addition, the effect of DW on the gas hydrate separation kinetics and rate of recovery of methane was studied including some other key parameters of hydrate separation.
Experiments

Experimental apparatus
According to the study objectives, a high-pressure device for gas hydrate separation was built independently, as shown in Fig. 2 . The experimental device mainly comprised a gas pressurization system, a gas hydrate reaction system, a DW preparation system, a data acquisition system, a Raman testing system and a chromatographic analysis system. The core equipment was a stirring reactor with a volume of 1000 mL, a temperature range of 263.15-323.15 K and a limit pressure of 20 MPa. It was equipped with a servomotor, which drove the stirring of the reactor at an adjustable speed in the range of 0-200 rpm. Temperature and pressure data for gas hydrate separation were collected by a temperature sensor and a pressure sensor and then transmitted by an FCC6000 eld data server and BT 5000 monitoring conguration soware, and were nally stored in an industrial control computer. The Raman spectroscopic measurement system was based on an HR 800 Raman spectrometer produced by JY Corporation, France. It was equipped with a 532 nm laser source and an in situ reactor, which was used for in situ observations of the hydrate. An MS-B homogeneous emulsifying machine with high shear and dispersion rates was the key component of the DW preparation system. The speed range was 1-2.8 Â 10 4 rpm. An SUS 304 stainless steel dispersing cutter head was used to achieve homogeneous stirring. An image acquisition system recorded macroscopic phenomena of gas hydrate separation in real time.
The gas chromatographic analysis system consisted of a gasphase chromatographic analysis workstation using 5000 A so-ware, which was used to determine the mole fractions of the gas components accurately before and aer hydrate separation with an accuracy of 0.01%. The temperature set by the temperature control system ranged from 253.15 K to 313.15 K with an accuracy of AE0.1 K.
Experimental samples and reagents
The purity of hydrophobic silica (HB630-SiO 2 ), THF and SDS in this experiment was >99.8%, and the composition of the raw gas mixture was G:
2.3 Experimental procedure 2.3.1 Gas hydrate separation experiment.
(1) DW preparation: 95 g water and 5 g HB630-SiO 2 were prepared and put into the MS-B dispersing and homogeneous emulsifying machine made in Germany, and the machine was set to 19 000 rpm and started. The mixture of water and 5 g HB630-SiO 2 was stirred for 90 seconds at a speed of 19 000 rpm, and then the power was turned off and the dry water that was prepared was removed. The above operation was repeated 20 times to obtain 2000 g dry water as a stand-by. According to the mass fractions of the gas phase, hydrophobic SiO 2 in DW, deionized water and SiO 2 were added to the stirring vessel. The homogeneous emulsifying machine with high shear and dispersion rates was started, and the D gear (1.9 Â 10 4 rpm) was selected for stirring, which was continued for 90 s to prepare DW.
(2) Next, 500 mL DW was added to the experimental reactor, and the experimental equipment was connected with reference to Fig. 2 . The tightness of the experimental system was conrmed with pure nitrogen.
(3) The system was vacuumed with a vacuum pump to make the system reach a pressure of 0.01 MPa.
(4) The experimental temperature control system was set to 274 K to cool the reactor. When the temperature in the reactor reached 274 K, the gas was passed into the reactor utilizing the pressurization system until an initial pressure of 10 MPa was reached.
(5) The changes in temperature and pressure in the process of gas hydrate formation were monitored by the data acquisition system.
(6) The pressure in the reactor did not change any longer, which indicated that the system had reached its equilibrium state. The gas-phase chromatographic analysis system was used to determine the mole fractions of the gas components in the residual gas phase when the gas hydrate separation process ended. (7) In accordance with the above procedure and Table 1 , the materials in the reactor were replaced successively, and the experiment was carried out. Experiments using four kinds of experimental system were repeated three times in each case.
2.3.2 Raman testing of gas hydrate.
(1) Initially, 1.5 mL pure water was poured into the in situ reactor (volume of 3 mL), and the refrigerator was set at 274 K.
(2) When the temperature reached 274 K, the experiment gas was injected into the in situ reactor to replace the air. Then, the reactor was pressurized until the pressure reached 10 MPa.
(3) A confocal Raman spectrometer was employed with a 50Â telephoto lens, a 532 nm laser, a power of 40 mW, a 400 mm confocal hole aperture and a 200 mm slit aperture. Monocrystalline silicon was utilized for correction before the hydrates were tested. The Raman shi was 520.7 cm À1 .
(4) When the pressure reached an equilibrium state, the spectrum of the hydrate was recorded by the Raman spectrometer, and the exposure time was 60 s. 
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3 Experimental results and calculations
Experimental results
Three cycles of gas hydrate separation experiments were carried out in four systems, namely, static-water, stirring-water, static-SDS + THF compound solution and static-DW, respectively. Curves of the changes in temperature and pressure with time are shown in Fig. 3-6 . A state of equilibrium was achieved, as the system pressure was constant and the gas hydrate reaction ended simultaneously. As Fig. 3 demonstrates, it was found that the pressure exhibited a decreasing trend with time in the static-water system, and the equilibrium pressures were 8.92 MPa, 8.83 MPa, and 8.82 MPa, respectively. In comparison with the other experimental systems, it could be concluded that the pressure in the static-water system declined least, which indicated low gas consumption during the process of gas hydrate separation. The system temperature increased rst and then decreased with time in the process of gas hydrate separation. The range of the changes in temperature was from 274 K to 274.3 K. The gas hydrate separation mechanism mainly exploited the characteristics of methane, nitrogen and oxygen that the phase equilibrium pressures in the formation of the three kinds of gas hydrate were different under conditions of the same temperature. Methane had a lower phase equilibrium pressure in the formation of its hydrate with water, which enabled the separation of methane from nitrogen and oxygen.
The formation of the hydrate was dominant in this period and was a kind of exothermic process. Therefore, the system temperature would change during the process of gas hydrate separation. Because the experiment was carried out at a constant temperature of 274 K, the heat generated by formation of the hydrate would be gradually lost to the environment and then reach an equilibrium state. Moreover, the site of hydrate formation, volume and distribution were random in each experiment, which resulted in great differences in the system temperature between different cycles of the experiments.
With regard to Fig. 4 , the pressure in the stirring-water system decreased gradually during the gas hydrate reaction. The three cycles of the experiments were all accompanied by a stage of rapid decline in gas pressure. These periods were 0-526 min (II-1), 0-511 min (II-2) and 0-706 min (II-3), respectively, during which the gas hydrate formed rapidly and a large amount of gas was incorporated into the hydrate phase to make the gas pressure decrease rapidly. The equilibrium pressures in experiments II-1, II-2, and II-3 were 8.15 MPa, 8.19 MPa and 8.13 MPa, respectively. When experiment II-1 had been carried out for 526 min, the pressure dropped to 8.67 MPa as the gas pressure entered a stage of relative equilibrium (526-1045 min), then declined again and nally reached an equilibrium state. There was no such equilibrium stage in experiments II-2 and II-3. The temperature in the stirring-water system increased rst and then declined during gas hydrate separation. The range of the changes in temperature during the three cycles of the experiments was 274-275 K, which represented a great change in comparison with the other three systems. It was concluded that the stirring-water system was the only dynamic system among the four experimental systems, and the others were all static systems. Therefore, the heat generated during the stirring process would affect the temperature of the system. The gasphase pressures in experiments III-1, III-2 and III-3 were very different when the equilibrium state was reached, and the equilibrium pressures were 7.83 MPa, 8.12 MPa and 8.08 MPa, respectively. The range of the system temperatures was 274-274.9 K, which was similar to that in the stirring-water system. The gas hydrate separation process required less time in the static-SDS + THF compound solution system, and the time taken to reach equilibrium was also shorter in comparison with the other systems. It was indicated that the SDS + THF compound solution promoted the formation of gas hydrates. As shown in Fig. 6 , the gas-phase pressure decreased gradually during gas hydrate separation in the static-DW system. The nal equilibrium pressures in experiments IV-1, IV-2 and IV-3 were 8.07 MPa, 7.99 MPa and 8.11 MPa, respectively. In the three experiments, the trend of the variation in the gas-phase pressure with time was similar in that it dropped rapidly at the beginning of the gas hydrate separation process and then gradually reached an equilibrium state. In addition, the trend of the change in temperature with time was that it increased at rst and then decreased. The range of the changes in temperature was 274-274.6 K.
By a comprehensive comparison of the four experimental systems (static-water, stirring-water, static-SDS + THF compound solution and static-DW), it was found that the tendencies of the changes in pressure and temperature were very similar, with little uctuations during the three cycles of experiments in the static-water system and static-SDS + THF compound solution system. The pressure in the static-water system exhibited a great decline in comparison with that in the other three systems, which indicated that stirring, the THF + SDS compound solution and DW could increase the gas capacity in hydrate-based separation. The testing and calculation parameters for each experimental system are shown in Table 2 .
Calculation of gas hydrate separation parameters
In this paper, the gas consumption rate was used to dene the gas hydrate formation rate by the equation:
where n G is the total gas consumption, Dn CH 4 , Dn N 2 and Dn O 2 represent the consumption in mol of methane, nitrogen and oxygen, respectively, during the process of gas hydrate formation, and t is the reaction time in min. According to the PR state equation, the gas capacity in gas hydrate formation was calculated:
where P r is the pressure contrast, T r represents the temperature contrast, P c is the critical pressure in MPa, T c represents the critical temperature in K, and u is the eccentric factor. Eqn (3)-(6) were incorporated into eqn (2) using the Excel single variable to solve the equation: The variable cell was set to be the solution parameter V and the target value that was chosen was 0. The value of V M was determined by calculation. The corresponding quantity of gas at the selected point was calculated according to eqn (7):
where V is the initial gas volume in cm 3 , V G represents the gas volume in cm 3 aer equilibrium was reached in the gas hydrate formation process, and n CH 4 , n N 2 and n O 2 are the molar quantities of methane, nitrogen and oxygen, respectively. For hydrates of type I, the cavity density is r H ¼ 0.796 g cm À3 .
For hydrates of type II, the cavity density is r H ¼ 0.786 g cm À3 ,
according to eqn (10):
where DV H is the volume increment in cm 3 aer hydrate formation, M W is the molar mass of water in g mol À1 , and r W refers to the density of water in g cm
À3
. The hydration index a was calculated using eqn (11)- (16):
where q L and q S are the absolute occupancy rates of large cages and small cages, respectively, in hydrates of type I and I L and I S are the peak areas for large cages and small cages, respectively, in Raman spectra. In this study, a gas hydrate of a methane-nitrogen-oxygen mixture was obtained from gas sample experiments. Therefore, the relative occupancy rates of methane, nitrogen and oxygen were initially calculated by deconvolution of Raman spectra. In order to calculate the occupancy rates of methane, nitrogen and oxygen in large and small cages, the van der Waals-Platteeuw statistical thermodynamic model of hydrates is needed. held the opinion that the surrounding environment of molecules of nitrogen and oxygen in the two types of cage was consistent, and the stretching vibrations of molecules were also very similar. As a result, it was difficult for Raman spectral resolution to distinguish them, and hence only one Raman peak appeared. The hypothetical test results were calculated on the basis of two assumptions. Assumption 1 was that both nitrogen and oxygen entered large crystal cages in the hydrate; assumption 2 was that both nitrogen and oxygen entered small cages, according to the following equations:
Under conditions of air-water-hydrate equilibrium, the difference in chemical potential between molecules in the type I hydrate lattice and the type I hydrate is usually represented by Dm W,H , which was 1297 J mol À1 . By combining the relative occupancy rates using eqn (12)- (14), the occupancy rates of methane, nitrogen and oxygen in large and small cages could simultaneously be calculated. The hydration index was calculated as follows:
In terms of eqn (15) and (16), it was calculated that a max ¼ 7.39 and a min ¼ 5.75. The hydration index of the methanenitrogen-oxygen mixed gas hydrate was hence between 5.75 and 7.39, and the average value in this study was 6.57 (Fig. 7) .
Finally, the gas hydrate formation rates in the static-water system, stirring-water system and static-DW system, respectively, were calculated according to the above formulae. In the static-SDS + THF compound solution system, the gases only occupied small crystal cages, because THF could form a hydrate of type II and occupy the large crystal cages in the hydrate.
38,39
The ideal molecular formula of hydrates of type II was 24 M$136H 2 O (M is the guest molecule), and the cell structure was 8(5 12 the gases completely lled the small crystal cages, and the hydration index was assumed to be 8.5 when the gas hydrate formation rate was calculated. The results are shown in Table 2 . The distribution coefficient 40 K, which was the ratio of the mole fractions of methane in the equilibrium gas phase and the hydrate phase when gas hydrate formation ended and reached an equilibrium condition, represented the methane transfer property and difficulty of separation into two phases. The formula used for calculating the distribution coefficient K was:
where y H CH4 and y G CH4 are the mole fractions of methane in the gas hydrate phase and the equilibrium gas phase, respectively.
The recovery rate mainly reected the amount of methane recovered in the process of gas hydrate separation, and the equation used for calculating it was as follows:
In eqn (18) , n H CH4 is the molar quantity of methane in the hydrate phase and n G CH4 is the molar quantity of methane in the initial gas.
On the basis of the experimental data, an equation for the separation factor S.F.
42 was derived as follows:
where n H N2 and n H O2 are the amounts of nitrogen and oxygen, respectively, in the hydrate phase and n gas CH4 , n gas N2 and n gas O2 are the amounts of methane, nitrogen and oxygen, respectively, in the equilibrium gas phase. The results of calculations of the separation factor, distribution coefficient and methane recovery rate are listed in Table 2. 4 Results, discussion and analysis As seen from Fig. 8 , the mole fractions of methane in the hydrate phase in all four systems (static-water, stirring-water, static-SDS + THF compound solution and static-DW) were higher than that in the raw gas, which was 20%, which indicated that the gas hydrate separation method could purify methane. In the static-water system, the average mole fraction of methane in the hydrate phase during the three cycles of experiments was 20.61%; that in the stirring-water system was 30.84%; and those in the static-SDS + THF compound solution and static-DW systems were 28.20% and 32.20%, respectively. Stirring and the addition of the THF + SDS compound solution and DW all improved the separation and purication functions of the gas hydrate in comparison with the static-water system. Fig. 7 Raman spectrum of methane-nitrogen-oxygen hydrate. Fig. 8 Mole fraction of methane in each phase.
Here, the concentration of methane aer purication in the stirring-water system was similar to that in the static-DW system, and these were both higher than that in the THF + SDS compound solution system. Deugd 43 and Delahaye 44 suggested that the presence of THF can reduce the phase equilibrium pressure in the formation of a hydrate in a gas hydrate formation system. Hashimoto 45 observed that THF entered large cages in type II hydrates by Raman spectroscopy and Xrays. The promoting mechanism is that THF can form a type II hydrate before the gas to form a kind of basic hydrate, which provides the material basis for gas hydrate formation. The diameter of THF molecules is too large for them to enter the small cages of the hydrate, whereas gas molecules can pass into small cages directly, which reduces the phase equilibrium pressure in gas hydrate formation. The diameter of small cages in a type II hydrate is 0.391 nm, and methane, nitrogen and oxygen can all enter the small cages in a type II hydrate. The main principle of hydrate-based separation of a methanenitrogen-oxygen gas mixture is that the phase equilibrium pressure displayed striking differences under conditions of the same temperature. The basic hydrate formed by THF exhibited no selectivity for methane, nitrogen or oxygen. Therefore, THF reduced the difference in phase equilibrium between the three kinds of gas and thus affected the separation efficiency. As a result, the concentration of methane aer purication in the hydrate phase in the static-SDS + THF compound solution system was lower than that in the stirring-water and static-DW systems, and the promoting mechanism in the above two systems performed similarly, which increased the interfacial area between the gas and liquid phases to achieve solubilization and increase the concentration aer gas hydrate separation. The DW system mainly depended on the effect of the gas phase in hydrophobic silica, which could disperse water to a great extent. In this study, the volume of the experimental reactor was 1000 mL with an inner diameter of 9.5 cm and a gas-liquid interface area of 70.85 cm 2 . According to the results of Carter 46 and other researchers, the average diameter of a DW droplet is 50 mm, and the area of the gas-liquid interface in DW synthesized using 500 mL water was 59 999.69 cm 2 , which represented an increase by a factor of approximately 847. As shown in Fig. 9 and Fig. 3 with Fig. 6 , it was found that the total reaction period in the static-SDS + THF compound solution system was shorter, and the reaction quickly reached an equilibrium state. It was discovered from the temperature-time curves that the temperature changed greatly during the process of gas hydrate separation in the stirringwater system, which affected heat transfer, increased the difficulty of the system reaching an equilibrium state and also extended the reaction time, which resulted in a reduction in the gas hydrate formation rate. It is revealed from Fig. 6 that the temperature displayed a slight uctuation in the static-DW system and changed with a similar trend in the three cycles of repeated experiments, which indicated that DW not only increased the area of the gas-liquid interface but also made heat transfer reach a stable state in the process of gas hydrate separation.
The gas hydrate recovery rate in the static-DW system was demonstrated to be the highest, with an average value of 38.15%, whereas those in the stirring-water system and static-SDS + THF compound solution system were 34.69% and 33.83%, respectively. The minimum average recovery rate was 14.21% in the static-water system. This indicated that DW performed better in the recovery of methane from gas mixtures by hydrate-based separation in comparison with the other three systems. The average gas consumption in the static-water system was 0.32 mol, and those in the stirring-water and static-DW systems were 0.52 mol and 0.55 mol, respectively. The greatest gas consumption was 0.56 mol in the static-SDS + THF compound solution, but the recovery rate was lower than that in the DW system, which implied that the concentration of methane in the hydrate phase was lower, which showed a consistent tendency with that in Fig. 8 . It was calculated that the corresponding phase equilibrium pressures in the THFmethane, THF-nitrogen and THF-oxygen systems were 0.118 MPa, 0.412 MPa and 0.262 MPa, respectively, at a temperature of 274 K using the Chen-Guo model. In contrast, the phase equilibrium pressure of the THF-gas mixture (with mole fractions of 4(methane) ¼ 20%, 4(nitrogen) ¼ 64%, and 4(oxygen) ¼ 16%) was 0.279 MPa at the same temperature. The initial pressure in this experiment was 10 MPa, at which the discrepancy in phase equilibrium between the three gases was smaller. As a result, methane, nitrogen and oxygen could meet the phase equilibrium conditions and form hydrates with a strong driving force, and the above three gases were all able to enter the same cage structure and compete with each other, which thus affected the methane content of the hydrate phase. At a temperature of 274 K, the phase equilibrium pressure of water-methane was 2.758 MPa, and those of water-nitrogen and water-oxygen were 17.812 MPa and 16.951 MPa, respectively, which revealed that the phase equilibrium pressures of the three kinds of gas differed greatly at the same temperature. However, for the gas mixture, the phase equilibrium pressure was 8.795 MPa at the same temperature. At the initial pressure of 10 MPa, methane was the only gas that was able to meet the phase equilibrium conditions for the hydrate. Water was highly dispersed in the DW system, and the phase equilibrium conditions for the gas mixture were not changed. Therefore, the methane content in the hydrate phase in the DW system was higher, and the recovery rate was higher than that in the mixing system, which indicated that in terms of water dispersion capacity DW performed better, and the solubilization effect on the gas was also stronger in comparison with that in the stirring system. Moreover, gas hydrate formation was affected by mechanical heat in the stirring system, and the gas phase in silica in DW could disperse water droplets, which was able to dissipate the heat generated in the process of hydrate formation over time. Hence, the recovery of methane in the DW system was the highest. It is found from Fig. 10 that the average distribution coefficients of the four systems (static-water, stirring-water, static-SDS + THF compound solution and static-DW) were 1.04, 1.85, 1.62, and 1.99, respectively, which showed that the separation of the gas mixture in the DW system was the least difficult. The separation factors of the above four systems were 1.04, 2.25, 1.85 and 2.47, respectively, which indicated that the degree of separation and purication by hydrate formation was highest in the DW system. On the basis of previous data, it was proved that the methane content of the gas hydrate phase was higher and the enrichment ability for methane was stronger in the DW system than those in the other two systems except for the static-water system, with similar gas consumption rates.
Conclusions
In this study, a gas mixture was obtained (4(methane) ¼ 20%; 4(nitrogen) ¼ 64%; 4(oxygen) ¼ 16%) with an initial pressure of 10 MPa and an initial temperature of 274 K. On the basis of the Raman spectral characteristics, it was calculated that the gas hydration index was in the range of 5.75-7.39. The results of chromatography demonstrated that stirring, the addition of a THF + SDS compound solution and the addition of DW could all enhance the separation and purication effects of gas hydrates in comparison with a pure-water system. Here, the concentration of methane aer purication in the DW system was higher than the average concentration aer purication in the two other systems (stirring and THF + SDS solution) and reached 32.2%, which was higher than that of the raw gas by 12.2%. In the DW system, water was highly dispersed by the gas phase in hydrophobic silica and the area of the gas-liquid interface was enlarged by a factor of 847 in comparison with that in the static-water system, which increased the rate of dissipation of heat and improved the thermal stability. In the DW system, the gas hydrate recovery rate was the highest at an average of 38.15%; the maximum average distribution coefficient was 1.99; and the highest average separation factor was 2.47, with the least difficulty in gas hydrate separation and the highest degree of separation and purication. In this study, the DW system performed better than the other systems in gas hydrate separation to recover methane. On the basis of the results, the authors will extend the research in the next step to study the effect of modied DW on the gas hydrate separation process and seek more efficient methods for promoting gas hydrate separation.
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